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The primary goal of the present study was to investigate how positive and negative
feedback may differently facilitate learning throughout development. In addition, the
role of motivation as a modulating factor was examined. Participants (children,
adolescents, and adults) completed two forms of the guess and application task (GAT).
Feedback from the Cool-GAT task has low motivational salience because there are no
consequences, while feedback from the Hot-GAT task has high motivational salience as
it pertains to receiving a reward. The results indicated that negative feedback leads to
a reduction in learning compared to positive feedback. The effect of negative feedback
was greater in adolescent participants compared to children and adults in the Hot-
GAT task, suggesting an interaction between age and motivation level on learning.
Further analysis indicated that greater risk was associated with a greater reduction in
learning from negative feedback and again, the reduction was greatest in adolescents.
In summary, the current study supports the idea that learning from positive feedback
and negative feedback differs throughout development. In a rule-based learning task,
when associative learning is primarily in practice, participants learned less from negative
feedback. This reduction is amplified during adolescence when task-elicited motivation
is high.
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INTRODUCTION
From the general development of physical and mental abilities to education in school, feedback-
based learning is a key factor to successful learning beginning in infancy. Feedback-based learning
refers to the ability to use performance feedback in the adjustment of subsequent behavior
(Goldstein et al., 2003; Hounsell, 2003; Perera et al., 2008). Positive feedback signals that a previous
response was correct and thus should be repeated in the future, while negative feedback signals that
the past behavior was incorrect and as such, the behavior needs to be adjusted to successfully adapt
to future similar situations.
Prior studies have explored aged differences in sensitivity to feedback-based learning.
Interestingly, these studies have indicated that children tend to learn better from positive feedback.
Adults, on the other hand, benefit more from negative feedback while adolescents show learning
characteristics of both children and adults (Crone et al., 2004, 2008; Huizinga et al., 2006; van
Duijvenvoorde et al., 2008; Peters et al., 2014). The changing sensitivity to positive and negative
feedback with development may due to maturity level and engagement of various brain areas
related to cognitive control.
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The core brain areas of cognitive control, such as the
prefrontal cortex (PFC) and the dorsal anterior cingulate cortex
(dACC) undergo a prolonged developmental period (Fuster,
2002; Geier, 2013). These frontoparietal areas also exhibit
increased task-related activity with age (Ordaz et al., 2013). Some
studies suggest that there may be a quantitative shift in the
recruitment of frontoparietal regions from positive feedback to
negative feedback during development (van Duijvenvoorde et al.,
2008; van den Bos et al., 2009; Peters et al., 2014). In sum,
most prior studies have supported the theory of a shift from
a “positive-learner” to a “negative-learner” from childhood to
adulthood.
However, other studies using a probabilistic learning
paradigm have suggested that children between 9 and 11 years
old are more sensitive to negative feedback than positive
feedback (Hämmerer et al., 2010). In addition, another study
using a computational model to estimate the learning rate of
children, adolescents, and adults, found that learning rate based
on negative feedback decreased with age while learning rate
based on positive feedback did not change with age (van den
Bos et al., 2012). The age difference in learning rate is associated
with an age-related increase in functional connectivity between
the ventral striatum and the medial PFC, a pathway that shows
increased activation during feedback processing (Münte et al.,
2008; Camara et al., 2009). These data indicate that the changing
sensitivity to positive and negative feedback during development
is not related to differences in neural representation of learning
signals per se, but rather in how learning signals are used to guide
behavior and expectations (van den Bos et al., 2012).
The disparity in the above research may be due to the
specific tasks applied by each study. The response to a rule-
based associative learning task (van Duijvenvoorde et al., 2008;
Peters et al., 2014) entirely depends on understanding the rules
of the task. In rule-based learning, retrospective experience is
used and is often implemented in a relatively “cool” context (i.e.,
card sorting). Feedback informs the learner whether a response
was correct or incorrect. Unlike rule-based learning, the response
to a probabilistic learning task (Hämmerer et al., 2010; van den
Bos et al., 2012) depends on an estimate of an optimal option
because the reward is only probabilistic. This type of learning
relies not only on retrospective experience but also on prospective
calculations of upcoming signals. Probabilistic learning is often
implemented in a relatively “hot” context (i.e., gambling) where
feedback comes in the form of a reward or punishment. It is
possible that different types of learning recruit different brain
regions that vary in their sensitivities to positive and negative
feedback.
In addition to the different types of learning explored in
previous studies, the role of motivation in learning varies among
studies. Participants in a gambling game may be more motivated
than participants performing a card-sorting task. In fact, prior
studies have shown that high reward with high motivation
increases performance. However, there is a point at which a high
reward becomes detrimental to performance. This phenomenon
is referred to as “the choking effect” (Chib et al., 2012, 2014).
The choking effect is also apparent when losing a reward is at
stake (Chib et al., 2014). It has been suggested that dopamine
mediates the choking effect. More specifically, it is theorized
that the choking effect brought on by over-motivation, due
to an imbalance between activation in subcortical (reward-
related) versus prefrontal (cognitive) regions. This imbalance
leads toward a shift from more goal-directed behavior to the
habitual guidance of behavior (Aarts et al., 2014). In sum,
motivational level may also play an important role in the
inconsistency between results of previous reports. Interestingly,
adolescents are in a stage of imbalanced development of reward
circuits and cognitive control circuits (Hagmann et al., 2010;
Mills et al., 2014; Baker et al., 2015). The adolescent brain is
much more sensitive to reward than that of a child or an adult,
and as such, adolescents prefer risky choices (Somerville et al.,
2010; Cassotti et al., 2011; Casey, 2015). In addition, adolescents
tend to overvalue future reward while ignoring negative/neutral
stimuli (Palminteri et al., 2016). It is therefore necessary to take
motivational level into consideration to fully understand the
development of feedback-based learning, especially during the
adolescent period.
The current study was conducted to gain more clarity on
how learning is differently modulated by feedback valence
and motivation during development. Rule-based learning
under different levels of task-elicited motivation was studied.
Motivational levels were manipulated by modifying “cool” and
“hot” executive function tasks into homogeneous rule-based
learning tasks. Hot executive function tasks are considered more
emotional and motivational than cool executive function tasks
(Prencipe et al., 2011). The gambling task is a typical hot executive
function paradigm (Kerr and Zelazo, 2004). Motivation was also
directly manipulated in the “hot” task by applying a different
magnitude of reward/punishment trial by trial. This design
permits a direct comparison of performance under different
motivational levels within one task context.
MATERIALS AND METHODS
Participants
Ninety-nine healthy participants aged from 6 to 24 years
old were initially enrolled in the study. Because the current
study aimed to examine possible interactive effects between
feedback valence and risk-taking behavior (e.g., betting on a
risky rather than a conservative card), participants who were
biased to choose only one option (risky or conservative) were
excluded from the final analysis. The final sample included 65
participants who each completed at least eight trials of four
possible combinations: risky choice with positive feedback; risky
choice with negative feedback; conservative choice with positive
feedback; conservative choice with negative feedback. There
were 19 adults (nine females; M = 19.79 years, SD = 1.93,
range = 18–24 years), 23 early adolescents (nine females;
M = 151.57 months, SD = 16.81, range = 134–185 months),
and 23 children (12 female; M = 107.83 months, SD = 14.90,
range= 81–129 months).
All participants were recruited through local advertisements
or referred by former volunteers. All participants reported
normal or corrected-to-normal vision and an absence of
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neurological or psychiatric impairments. Prior to participation,
informed consent was given by the guardian (children and
adolescents) or by the participant (adults). Participants received
rewards according to their performance on the tasks, and
additional gifts were given to children and adolescents at the
end of the session. All procedures for the current research were
approved by the ethical committee of Soochow University.
IQ Test for Children and Adolescents
IQ scores of child and adolescent participants were estimated
using two subtests (Similarities and Block Design) of the Chinese
Wechsler Intelligence Scale for Children (C-WISC). These
subtests are considered to reliably represent the entire C-WISC
test (Gong and Cai, 1993). Estimated IQ scores of children
ranged from 92.29 to 131.52 (M = 114.99, SD = 11.29) while
those of adolescents ranged from 89.15 to 126.03 (M = 109.46,
SD = 10.41). Age differences were not significant. A standard
intelligence test was not given to adults because they were all
undergraduates or postgraduates of Soochow University and as
such considered intellectually homogeneous.
The Guess and Application Tasks (GAT)
Two versions of the guess and application task (GAT) were used
in the current study: a cool executive function based task (referred
to as Cool-GAT through the remainder of the text), and a hot
executive function based task (referred to as Hot-GAT for the
remainder of the text). The Cool-GAT is adopted from the rule
selection and application task (Zanolie et al., 2008). The Hot-GAT
is a matched version of Cool-GAT, designed by the current study.
Detailed differences between the two tasks will be elaborated in
the following description.
Figure 1 illustrates an example of a trial of the Hot-GAT
task. Each trial consisted of two stages: a guessing stage and an
application stage. During the guessing stage, participants were
asked to guess which of two cards would win in a given trial.
A card with a black/white pattern and a card with a colored
pattern were presented on each side of a screen with the position
randomly assigned in each trial (50% of colored cards presented
on the right side) to avoid position bias. Before the cards were
displayed, a black or a colored “=” was presented in the center of
the screen for 500 ms, indicating a greater risk was associated with
the black/white card or the colored card, respectively. Positive
or negative feedback was given immediately after participants
made a choice by pressing the “A” or “L” button within 2 s
after the cards were presented. Participants can press “A” button
to choose the left card or the “L” button for the right card.
Positive feedback (win) was presented with happy faces while
negative feedback (loss) was presented with sad faces. The
feedback included 5–7 faces following a risky choice and 1–3 faces
following a conservative choice. The feedback revealed whether a
black/white patterned or a color-patterned card was the winner
in that particular trial. During the application stage, participants
could apply the learned rule to make a choice between two new
available cards with the same color features as was presented
during the guessing stage. Again, the choice was made within
2 s and again, feedback with happy/sad faces followed, lasting
for 1 s.
Accuracy and reaction time (RT) were both recorded for
the guessing and application stages. To increase motivation,
participants were informed that they would gain/lose one point
for each happy/sad face, respectively and the final number of
points determine the amount of treats (candy) they would get.
For control, the pattern (not the color) of the colored card
and black/white card was interchangeable within each trial to
create new exemplars in the application stage. A black screen was
presented for 1–1.5 s to provide salient information that a trial
had ended.
To ensure that the rules of the game were well understood,
thorough instructions were given immediately prior to each
test. Key instruction points for the rules of the Hot-GAT task
included: (1) they would bet on a risky or a conservative card
in the guess stage and receive feedback showing a win (smiling
faces) or a loss (sad faces); (2) the color of the cue symbol
(“=”) indicated which card was risky in the current trial, the
pattern on the card was irrelevant; (3) participants could learn
which card would win based on feedback they receive during
the guessing stage; (4) in order to win points, participants should
apply knowledge gained during the guessing stage during the
application stage; (5) one smiling face earns +1 point while
one sad face earns −1 point, and the more points gained, the
greater the candy reward. The Cool-GAT task shared the same
overall “guess and apply” structure and the same timeline as
the Hot-GAT game. However, instead of taking risks to guess
which card would win, participants were asked to guess which
color/shape would win by selecting one of two presented cards
during the guessing stage. A cue presented in the center of the
screen informed the participant on whether the current trial
was a color game (colored “=”) or a shape game (black “=”).
Essentially, the Cool-GAT game required the participant to learn
which dimension is relevant in each trial; color or shape. The
Hot-GAT game, on the other hand, required the participant to
learn which color is associated with a higher payoff in each
trial. In addition, instead of using emotional faces, feedback
in Cool-GAT games was given with a“
√
” (positive feedback)
or a “×” (negative feedback) in the center of the screen. The
critical difference is that the feedback stimuli for the Cool-GAT
game did not carry any direct emotional information while the
feedback stimuli for the Hot-GAT game was associated with
emotional faces. As a control for the Cool-GAT game, the
relevant dimension (color/shape) within each trial was fixed,
while the irrelevant dimension switched within each pair of
cards.
All participants finished 60 trials of the Hot-GAT game and 60
trials of the Cool-GAT game. Each set of trials was divided into
three blocks of 20 trials each. To encourage participants, the total
score of each application stage trial was shown in the center of the
screen at the end of each block. Prior to test trials participants
were given an explanation of the rules and practiced four five
trials for each of the games without time limit. The sequence of
the two games (Hot-GAT and cool-GAT) was counterbalanced.
During the guessing stage, trials with positive or negative
feedback were randomly delivered at a 5/5 ratio. However,
because the feedback that each participant received in the
guessing stage was partially choice dependent, the final amount
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FIGURE 1 | Illustration of game paradigm and event time line for Hot guess and application task (GAT).
of positive or negative feedback each participant experienced was
slightly different. In the Cool-GAT games, participants completed
28.8 ± 3.5 trials with positive feedback and 29.9 ± 3.5 trials with
negative feedback during the guessing stage. Similarly, in the Hot-
GAT games, participants completed 28.8± 3.0 trials with positive
feedback and 29.9 ± 3.0 trials with negative feedback during the
guessing stage.
Analysis
The primary goal of the present study was to advance our
understanding of how positive and negative feedback may
differently facilitate learning throughout development and to
examine the modulatory role of motivation.
A three factor (feedback valence × age group × task)
repeated-measures ANOVA was performed on accuracy and
RT data. Age group was treated as a between-subject variable
while feedback valence and task were treated as within-subject
variables. To reveal a possible separate modulation of positive and
negative feedback for different tasks, a feedback valence × age
group repeated-measures ANOVA was also performed on the
accuracy and RT data for the Cool-GAT games and the Hot-
GAT games separately. In addition, because the Hot-GAT game
included two levels of risk taking, a feedback valence × age
group × risk taking repeated-measures ANOVA was applied
to explore possible modulation by task-elicited motivation on
learning efficiency. Post hoc tests were applied when interaction
effects were significant.
Learning from negative feedback in a rule-based associative
learning task requires behavior adjustment and is therefore
more difficult than learning from positive feedback. Thus, a
general reduction in accuracy and speed of response after
negative feedback was predicted. This reduction in accuracy
and speed should be relatively stable across age groups if
participant sensitivity to positive and negative feedback develop
synchronously over time. However, it is possible that a certain
age group is more sensitive to one type of feedback over the
other. Thus, a one-way ANOVA was performed to examine
the reduction of accuracy after negative feedback compared to
positive feedback across the three age groups. In addition, for
the Hot-GAT games, a two-way repeated-measures ANOVA
was applied to examine developmental changes in sensitivity to
negative and positive feedback under varying risk-taking levels.
The correlation between IQ and task performance, including
accuracy and RTs across all conditions (the Cool-GAT game, the
Hot-GAT game, positive and negative feedback, age groups, and
risk level) was calculated after controlling for age and gender. To
examine possible gender effects, A mixed-measures ANOVA of
gender × feedback valence × task × age group was performed
on the accuracy and RTs of both tasks, and a mixed-measures
ANOVA of gender× feedback valence× risk taking× age group
on the accuracy and RTs of the Hot-GAT.
RESULTS
Participants in all age groups displayed learning in both the
Cool-GAT and the Hot-GAT tasks. Accuracy dramatically
increased during the application stage compared to the guessing
stage in both GAT tasks. On average, for the Cool-GAT
task, accuracy level increased 25.64 ± 17.51% for children,
27.87 ± 14.11% for adolescents and 43.52 ± 10.14% for adults.
For the Hot-GAT task, accuracy level increased 30.48 ± 16.90%
for children, 33.26 ± 17.36% for adolescents and 45.64 ± 7.35%
for adults. The increased accuracy level indicates that learning
occurred during the guessing stage in all age groups. Thus, only
accuracy and RT from the application stage was analyzed since
these measures reflect the learning effect of the previous stage.
Overall, as shown in Table 1, participants in all age groups
performed well (all greater than 70% accuracy) with increasing
accuracy with age. Age differences are elaborated in the next
section.
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TABLE 1 | Performance on the Cool-GAT task and the Hot-GAT task.
Age group
(years of age)
Task Cool-GAT (M ± SD) Hot-GAT (M ± SD)
Feedback Positive Negative Positive Negative
Children (6–10) ACC (%) 76.4 ± 21.0 70.3 ± 16.5 80.8 ± 17.3 78.3 ± 17.4
n = 23 RT (ms) 736 ± 203 803 ± 226 723 ± 170 768 ± 186
Adolescents (11–16) ACC (%) 82.7 ± 14.6 74.6 ± 13.6 87.9 ± 13.7 76.4 ± 20.6
n = 23 RT (ms) 692 ± 127 777 ± 180 756 ± 193 796 ± 193
Adults (18–25) ACC (%) 94.4 ± 12.0 89.7 ± 11.1 97.4 ± 5.4 93.1 ± 6.4
n = 19 RT (ms) 537 ± 163 624 ± 187 587 ± 122 655 ± 164
FIGURE 2 | Performance on the application stage of the Cool-GAT and the Hot-GAT after receiving positive/negative feedback in the guessing stage.
(A) The accuracies of each condition in each age group. (B) The reaction time (RT) of each condition in each age group. Dashed lines represent the performance of
trials with negative feedback; solid lines represent trials with positive feedback. Darker lines represent trials from the hot-GAT game; lighter lines represent trials from
the cool-GAT game.
The Differential Effects of Positive and
Negative Feedback on Learning among
Age Groups
In general, as shown in Figure 2A, accuracy was greater in
the Hot-GAT task than in the Cool-GAT task [F(1,62) = 5.18,
p< 0.05, η2 = 0.08]. In addition, positive feedback led to greater
accuracy than negative feedback [F(1,62) = 44.75, p < 0.01;
η2 = 0.42]. There was a significant effect of age on accuracy
[F(2,62) = 11.64, p < 0.01, η2 = 0.27]. An LSD post hoc
test showed that adults performed significantly better than
adolescents and children (ps < 0.05). However, accuracy did not
significantly differ between children and adolescents.
In addition to the main effects, there was a significant
interaction between age group and feedback valence;
[F(2,62) = 4.02, p = 0.02, η2 = 0.12]. An LSD post hoc test
revealed that adults performed significantly better than children
and adolescents (ps< 0.05) after positive feedback, their accuracy
however, did not differ across age group after negative feedback.
There was a tendency for accuracy to be increased more after
positive feedback (increased 6.7%) than negative feedback
(increased 1.2%) in adolescents compared to children, but
this effect was not statistically significant. No other significant
interaction effects were found.
The Differential Effects of Positive and
Negative Feedback on Learning in Each
Task
For the Cool-GAT task, performance based on positive feedback
was significantly more accurate than performance based on
negative feedback [F(1,62) = 17.05, p < 0.01, η2 = 0.22].
There was a significant effect of age on performance in the
Cool-GAT task [F(2,62) = 9.53, p < 0.05, η2 = 0.24]. An
LSD post hoc test showed that adults performed significantly
better than adolescents (p < 0.01) and children (p < 0.01)
while there was no significant difference between children
and adolescents. To directly measure how the differences in
learning from positive feedback and negative feedback may
change with age, a one-way ANOVA was performed to examine
accuracy differences between trials with positive feedback and
negative feedback during the guessing stage. The result showed
no main effect for age group (mean differences were 6.1 ± 2.6%;
8.2 ± 2.6%; 4.7 ± 2.8%; children, adolescents, and adults,
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respectively). There was no interaction between feedback and age
groups.
Similar to the Cool-GAT task, performance following positive
feedback was significantly more accurate than after negative
feedback during the Hot-GAT task [F(1,62) = 22.32, p < 0.01,
η2 = 0.27]. In addition, there was a significant age effect in
the Hot-GAT task [F(2,62) = 7.22, p < 0.01, η2 = 0.19].
However, in contrast to the results for the Cool-GAT task,
there was a significant interaction between feedback valence and
age group in the Hot-GAT task [F(2,62) = 4.87, p = 0.01,
η2 = 0.14]. Post hoc tests revealed that greater accuracy after
positive feedback was only significant for adults and adolescents
(ps < 0.01). Children, on the other hand performed equally
well after receiving positive and negative feedback. Performance
after positive feedback increased with age. Adults performed
significantly better than children (p < 0.01) and adolescents
(p < 0.03) after positive feedback while adolescents performed
marginally better than children (p = 0.08). The increase in
performance was significantly greater for adults after negative
feedback compared to adolescents and children (ps < 0.01),
while the increase in performance after negative feedback was
not different between children and adolescents. To further
investigate the different effects of positive and negative feedback
on learning in the Hot-GAT games, differences in accuracy
between positive and negative feedback were calculated for each
age group. A one-way ANOVA showed a significant main effect
for age group; [F(2,62) = 4.87, p = 0.01, η2 = 0.14]. An
LSD post hoc test showed that the increase in accuracy for
adolescents (11.5 ± 12.7%) was significantly larger than for
children (2.5 ± 9.6%) and adults (4.2 ± 7.4%) (p < 0.01 and
p < 0.03, children and adults, respectively). Children and adults
did not significantly differ in accuracy between positive and
negative feedback. In sum, these results suggest that overall,
participants learned more from positive feedback than from
negative feedback. Interestingly, the difference in performance
after positive feedback and negative feedback varies with age.
Adolescents were the most sensitive to feedback valence, as they
showed the largest difference in learning between positive and
negative feedback conditions.
There was no main effect of task on RT. However, as shown
in Figure 2B, RT after negative feedback was significantly
longer than after positive feedback [F(1,62) = 54.00, p < 0.01,
η2 = 0.47]. In addition, there was an effect of age on RT
[F(2,62)= 7.17, p< 0.01, η2 = 0.20]. A post hoc test showed that
the RT of adults was significantly shorter than that of adolescents
and children (ps < 0.01). Children and adolescents did not differ
in RT. No other significant interactions were found.
Interaction between Risk Level and
Feedback Valence in the Hot-GAT Task
Accuracy and RT under the four conditions in the Hot-GAT
task are shown in Figure 3. Consistent with the previous
analysis, the repeated-measures ANOVA on the accuracy of
feedback valence × risk taking × age group revealed a
significant main effect of feedback valence; [F(1,62) = 19.42,
p < 0.01, η2 = 0.24], with better performance after positive
feedback than negative feedback. In addition, there was a
significant effect of age on accuracy [F(2, 62) = 7.26, p < 0.01,
η2 = 0.19]. The LSD post hoc test showed that adults
performed significantly better than adolescents and children
(ps ≤ 0.01). There was no statistically significant difference
in accuracy between children and adolescents. Remarkably,
there was a main effect of risk-taking [F(1,62) = 24.50,
p < 0.01, η2 = 0.28]. Accuracy was significantly worse
when participants made a risky choice (i.e., cards with large
gain/loss) compared to a conservative choice (i.e., cards with
small gain/loss) during the guessing stage (See Table 2 for
descriptive data). The three-way interaction was not statistically
significant.
There was a significant interaction between feedback valence
and risk taking [F(1,62) = 10.24, p < 0.01, η2 = 0.14].
A post hoc analysis revealed that when a risky choice was
made, participants performed significantly better after positive
feedback than after negative feedback (p < 0.01). However,
participants performed equally well after positive and negative
feedback when conservative choices were initially made. We
further compared performance between the four possible
combinations (risky choice with positive/negative feedback;
conservative choice with positive/negative feedback) across
age using paired t-tests. Adolescents and adults performed
significantly worse when making a risky choice followed by
negative feedback than in any of the three other conditions
(all ps < 0.05). Children followed the same pattern but the
difference between conditions was not statistically significant
(p = 0.07). There were no significant differences between
risky choices with positive feedback, conservative choices
with positive feedback and conservative choices with negative
feedback in performance. These results suggest that learning
from negative feedback is more difficult, especially when risk is
high.
To further explore reduced learning from negative feedback,
differences in accuracy between positive and negative feedback
following risky choices or conservative choices were calculated
separately for each age group, by subtracting their accuracy
followed negative feedback from their accuracy followed positive
feedback for risky and conservative condition respectively.
A repeated-measures ANOVA revealed main effects for both risk
and age [F(1,62)= 10.24, p< 0.01, η2 = 0.14 and F(2,62)= 7.83,
p < 0.01, η2 = 0.20; risk and age, respectively]. An LSD
post hoc test showed that the difference in accuracy between
positive and negative was significantly greater in adolescents
(11.8 ± 2.1%) than children (0.4 ± 2.1%) (p < 0.05) and adults
(4.2 ± 2.3%) (p < 0.02). There was no significant difference
between children and adults. These results indicate that learning
from positive and negative feedback is differentially modulated
by motivation (risk level) for different age group. Learning from
negative feedback is most difficult during adolescence when
motivation is high. A repeated measures ANOVA for RT was
performed. There was a main effect of risk [F(1,62) = 10.00,
p < 0.01, η2 = 0.14]. RT was significantly longer for risky
decisions than for conservative decisions at all age groups. There
was a main effect of age on RT [F(2,62) = 4.77, p = 0.01,
η2 = 0.13]. An LSD post hoc test showed that the RT of
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FIGURE 3 | Performance on the application stage of the Hot-GAT when risky/conservative choices followed by negative/positive feedback. (A) The
accuracies of each condition in each age group. (B) The RT of each condition in each age group. Dashed lines represent the performance of trials with negative
feedback; solid lines represent trials with positive feedback. Darker lines represent trials with risky choices; lighter lines represent trials with conservative choices.
TABLE 2 | Performance on the Hot-GAT task for different risk levels.
Age group (years of
age)
Risk taking Risky (M ± SD) Conservative (M ± SD)
Feedback Positive Negative Positive Negative
Children (6–10) ACC (%) 75.7 ± 24.8 67.5 ± 27.3 84.3 ± 20.8 91.7 ± 9.5
n = 23 RT (ms) 727 ± 174 807 ± 206 717 ± 184 722 ± 186
Adolescents (11–16) ACC (%) 85.9 ± 19.9 67.4 ± 26.9 89.8 ± 13.7 84.6 ± 22.7
n = 23 RT (ms) 747 ± 171 836 ± 208 766 ± 223 761 ± 199
Adults (18–25) ACC (%) 96.7 ± 7.0 90.2 ± 9.6 98.4 ± 4.0 96.5 ± 7.3
n = 19 RT (ms) 588 ± 124 683 ± 150 592 ± 156 627 ± 197
adults was significantly faster than adolescents and children
(ps ≤ 0.05).There were no statistically significant differences
between children and adolescents in RT. Lastly, there was a
main effect of feedback valence [F(1,62) = 16.05, p < 0.01,
η2 = 0.21], with faster RTs after positive feedback than negative
feedback.
There was a significant interaction between risk and feedback
valence on RT [F(1, 62) = 15.11, p < 0.01, η2 = 0.20].
An LSD post hoc test revealed that when risky choices were
made, the RT after positive feedback was significantly shorter
than that after negative feedback (p < 0.01). However, there
was no difference between positive and negative feedback
on RT when conservative choices were made. As shown in
Figure 3, RT in the risky-negative feedback condition was
significantly longer than all other conditions among all age
groups (ps < 0.01). There were no significant differences in
RT among the three other conditions. These results indicate
that learning from negative feedback utilizes more cognitive
resources resulting in longer RTs than learning from positive
feedback. This effect is strengthened in cases where risky
choices were made. No additional interactions effects were found
regarding RT.
Correlation between IQ and Task
Performance
General accuracy on the Cool-GAT task was significantly
correlated with IQ score after controlling for age, gender, and
other variables (p < 0.01, r = 0.39). There were no other
significant correlations between IQ and task performance.
Gender Differences
There were no significant main effects of gender or interactions
between gender and feedback valence, task or age group on
accuracy or RT.
DISCUSSION
To investigate the modulatory effect of motivation on feedback-
based learning across different developmental stages, we
examined child, adolescent and adult participant performance
on two rule-based learning tasks: a Cool-GAT task and a Hot-
GAT task. In both GAT tasks, the participants first guessed which
one out of two cards would “win.” The participants were then
immediately given positive or negative feedback. Learning was
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measured by how well participants performed in the application
stage where the same rules were applied.
The results of the Cool-GAT game were consistent with
previous studies using the same task with similarly aged
participants (van Duijvenvoorde et al., 2008). In general, adults
performed better than the younger groups. Children, adolescents,
and adults all performed more accurately and responded faster
after receiving a positive feedback than after receiving a negative
feedback in the application stage. Comparatively, a behavioral
adjustment (i.e., prediction was incorrect) is required after
negative feedback, causing a reduction in successful learning and
speed of response. This reduction, however, showed different
developmental trends in the current study. According to van
Duijvenvoorde et al. (2008), the difference in accuracy between
positive and negative feedback decreased with age, suggesting
that children are more sensitive to feedback valence. In the
current study, however, the reduction in learning from negative
feedback compared to positive feedback did differ significantly
with age. In fact, the present results found that the difference
is slightly larger for adolescents (8.2 ± 2.6%) than children
(6.1 ± 2.6%) or adults (4.7 ± 2.8%). The difference in results
may be due to better overall performance of the children in
the current sample, given that accuracy based on negative
feedback (70%) was almost the same as the overall performance
of both positive and negative feedback in the study by van
Duijvenvoorde et al. (2008). The superior performance by the
children in the current study may be explained by earlier
maturation of executive functioning for Chinese children. Several
studies have demonstrated that children who are raised in China
or are exposed to Chinese culture perform significantly better
on measures of cool executive function (Lewis et al., 2006;
Sabbagh et al., 2006) and hot executive function (Qu et al.,
2012) compared to age-matched Western children. Consistently,
it has been reported that the 7-repeat allele of the dopamine
receptor gene (DRD4) which is linked with poor executive
function (Faraone et al., 2001), is relatively rare in Asian people
compared with North American people (Chang et al., 1996).
As some research suggests, following the traditional Confucian
philosophy of obedience and impulse control are emphasized
in the Chinese education system (Chen et al., 1998). Thus, self-
control and regulation of behavior is encouraged in Chinese
children.
The overall trends in learning for the Hot-GAT game were
similar to those for the Cool-GAT game, except in adolescents.
Overall, participants showed a reduction in learning from
negative feedback compared to positive feedback. Interestingly,
these reductions were amplified in adolescents. In other words,
the reduction in learning after negative feedback is significantly
greater for adolescents than for children or adults in the
Hot-GAT game. As mentioned, the general reduction in
learning from negative feedback may result from the need to
adjust behavior because a correction of an initial response is
required. The changes in reduction in learning in response
to negative feedback at different ages suggests an asynchrony
in the development of sensitivity to feedback valence. The
amplified reduction in learning from negative feedback in
the Hot-GAT game for adolescents suggests that sensitivity
to negative feedback may be modulated by motivational
state.
It may be argued that the amplified reduction in learning
from negative feedback in adolescents in the Hot-GAT game
is caused by overall task differences, not necessary by the
high motivation level elicited by the game. However, during
the guessing stage, when participants chose a riskier option by
selecting a higher gain/loss card, learning was reduced to a greater
extent after negative feedback compared to positive feedback in
all age groups. Again, the reduction in learning was greatest for
adolescents compared to children or adults. Surprisingly, there
were no differences in learning observed from positive compared
to negative feedback in the conservative condition (participants
selected a low gain/loss card during the guessing stage) where
the motivation elicited by the task is considerably lower. These
data strongly indicate that learning from negative feedback
is modulated by reward-induced motivation level. Participants
learned less when motivation was high. This detrimental effect
of “over-motivation” is greatest during adolescence.
Compared to other developmental periods, adolescents
process reward differently. Behavioral evidence demonstrates
that scores on sensation-seeking, risk preference, and reward
sensitivity increase from age 10 until mid-adolescence, peaking
between 13 and 16 years of age, and then decline (Steinberg
et al., 2008; Ernst, 2014). These data are consistent with the
adolescent sample in the current study. In addition, brain
imaging data consistently show that the nucleus accumbens,
a brain region that is associated with risky choices, exhibits
exaggerated activity to outcomes in adolescents compared to
children and adults (Ernst et al., 2005; Galvan et al., 2006). The
heightened sensitivity may alter adolescent cognitive processing
associated with risky choices. Consistent with this inference,
previous studies have demonstrated that adolescents report
higher emotional arousal than adults when receiving rewards
(Ernst et al., 2005) and experience slower heart rate upon
receipt of negative feedback compared to positive feedback (van
Duijvenvoorde et al., 2013). In addition, over-motivation may
be detrimental to task performance as demonstrated by the
“choking effect” (Chib et al., 2012, 2014). Specifically, high
reward-induced motivation affects cognitive performance on
a bell-shaped curve, in that very high reward can decrease
performance. This over-motivation effect may be due to an
imbalanced activation between reward processing regions located
in the subcortical area and the cognitive control center from
PFC (Aarts et al., 2014). Specifically, for people with a high
baseline capacity for dopamine synthesis, high-level motivation
might “overdose” the dopaminergic system in the reward
circuits, thereby impairing rather than improving cognitive
control (Cools and D’Esposito, 2011). Based on these previous
studies, it is reasonable to infer that adolescent, right in
the period that reward circuits and cognitive control circuits
show imbalanced maturation, might be more sensitive to
motivational change during behavioral adjustments. In another
word, it is more plausible that motivation could impair
adolescents’ cognitive control. As a result, learning from negative
feedback become harder for a correction is needed in such
circumstances.
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It is possible that the amplified reduction in learning as
a result of negative feedback during adolescence may be
limited to associative learning. As mentioned earlier, associative
learning, such as the GAT tasks, is usually rule-based, and
relies on a trial-and-error experience. Once the rule is learned,
however, the correct response is obvious. Adaptive learning is
another frequently used feedback-based learning task. Adaptive
learning is probability based and relies on both experience
and prediction of future events. The prediction in this case is
based on probability, and thus the answer is always uncertain.
It is possible that different types of learning recruit different
strategies or brain areas. Future brain imaging studies are
necessary to further explore the possibility of the involvement
of different brain circuits in these two different types of learning
tasks.
Despite positive findings, there are limitations to the current
study. The aim of the present study is to compare the learning
effects after risky and conservative choice that followed by
positive and negative feedback. A fair amount of trials is necessary
to investigate the learning effect under each condition. Therefore,
participants who extremely prefer to take risks or avoid taking
risks were excluded as outliers from the final analysis. Thus,
the current results do not represent this population. On the
other hand, this within-subject comparison makes the results
more reliable for highlighting the modulation of motivation on
feedback-based learning from positive and negative feedback.
However, it is worth to note that individuals with differed risk
preference may differently react to the same positive or negative
feedback. Further studies are necessary to explore the effect of
these individual differences in feedback-based learning.
In summary, the current study supports the idea that
learning from positive feedback and negative feedback develops
separately. In a rule-based learning task, when associative
learning is primarily in practice, negative feedback was
detrimental to the learning process as compared to positive
feedback. This reduction in learning as a consequence of negative
feedback is amplified during adolescence when task-elicited
motivation is high.
ETHICS STATEMENT
The study was supported by Ethics Committee of Soochow
University (ECSU). Firstly, the experimenter explained to
participants or their guardians and promised that this study
respects the dignity and worth of all people, and the rights of
individuals to privacy, confidentiality, and self-determination.
Participants and their guardians were informed that your
participation in this research is entirely voluntary, and this
experiment is totally harmless. Secondly, the experimenter
explained what participants have to do in this research. When
the participant and their guardians agreed to participant in
the research, they were asked to sign the informed consent.
The guardian of each minor participant gave written informed
consent.
AUTHOR CONTRIBUTIONS
YZ contributed to experimental design, data collection, data
analysis, and paper writing. WF contributed to experimental
design and paper writing. YL contributed to experimental design,
data analysis, and paper writing.
ACKNOWLEDGMENTS
This project was supported by the Natural Science Foundation of
China 31400893 (YL), 31400868 (WF) and Hui-Chun Chin and
Tsung-Dao Lee Chinese Undergraduate Research Endowment
(CURE). Critical assistance was provided by Junyi Hao (technical
support) and Yuxi Liu (data collection).
REFERENCES
Aarts, E., Wallace, D., Dang, L., Jagust, W., Cools, R., and Esposito, M. (2014).
Dopamine and the cognitive downside of a promised bonus. Psychol. Sci. 25,
1003–1009. doi: 10.1177/0956797613517240
Baker, S. T. E., Lubman, D. I., Yücel, M., Allen, N. B., Whittle, S., Fulcher, B. D.,
et al. (2015). Developmental changes in brain network hub connectivity in
late adolescence. J. Neurosci. 35, 9078–9087. doi: 10.1523/JNEUROSCI.5043-
14.2015
Camara, E., Rodriguez-Fornells, A., and Münte, T. (2009). Functional connectivity
of reward processing in the brain. Front. Hum. Neurosci. 2:19.
Casey, B. J. (2015). Beyond simple models of self-control to circuit-based accounts
of adolescent behavior. Annu. Rev. Psychol. 66, 295–319. doi: 10.1146/annurev-
psych-010814-015156
Cassotti, M., Houdé, O., and Moutier, S. (2011). Developmental changes of
win-stay and loss-shift strategies in decision making. Child Neuropsychol. 17,
400–411. doi: 10.1080/09297049.2010.547463
Chang, F.-M., Kidd, J. R., Livak, K. J., Pakstis, A. J., and Kidd, K. K. (1996).
The world-wide distribution of allele frequencies at the human dopamine D4
receptor locus. Hum. Genet. 98, 91–101. doi: 10.1007/s004390050166
Chen, X., Hastings, P. D., Rubin, K. H., Chen, H., Cen, G., and Stewart, S. L. (1998).
Child-rearing attitudes and behavioral inhibition in Chinese and Canadian
toddlers: a cross-cultural study. Dev. Psychol. 34, 677–686. doi: 10.1037/0012-
1649.34.4.677
Chib, V. S., Martino, B. D., Shimojo, S., and O’Doherty, J. P. (2012). Neural
mechanisms underlying paradoxical performance for monetary incentives are
driven by loss aversion. Neuron 74, 582–594. doi: 10.1016/j.neuron.2012.02.038
Chib, V. S., Shimojo, S., and O’Doherty, J. P. (2014). The effects of
incentive framing on performance decrements for large monetary outcomes:
behavioral and neural mechanisms. J. Neurosci. 34, 14833–14844. doi: 10.1523/
JNEUROSCI.1491-14.2014
Cools, R., and D’Esposito, M. (2011). Inverted-U-shaped dopamine actions on
human working memory and cognitive control. Biol. Psychiatry 69, 113–125.
doi: 10.1016/j.biopsych.2011.03.028
Crone, E. A., Ridderinkhof, K. R., Worm, M., Somsen, R. J. M., and van der
Molen, M. W. (2004). Switching between spatial stimulus–response mappings:
a developmental study of cognitive flexibility. Dev. Sci. 7, 443–455. doi: 10.1111/
j.1467-7687.2004.00365.x
Crone, E. A., Zanolie, K., van Leijenhorst, L., Westenberg, P. M., and Rombouts,
S. A. R. B. (2008). Neural mechanisms supporting flexible performance
adjustment during development. Cogn. Affect. Behav. Neurosci. 8, 165–177.
doi: 10.3758/CABN.8.2.165
Ernst, M. (2014). The triadic model perspective for the study of adolescent
motivated behavior. Brain Cogn. 89, 104–111. doi: 10.1016/j.bandc.2014.01.006
Frontiers in Psychology | www.frontiersin.org 9 January 2017 | Volume 8 | Article 76
fpsyg-08-00076 January 27, 2017 Time: 13:15 # 10
Zhuang et al. Motivation Affect Learning from Negative Feedback
Ernst, M., Nelson, E., Jazbec, S., McClure, E., Monk, C., Leibenluft, E., et al.
(2005). Amygdala and nucleus accumbens in responses to receipt and omission
of gains in adults and adolescents. Neuroimage 25, 1279–1291. doi: 10.1016/j.
neuroimage.2004.12.038
Faraone, S. V., Doyle, A. E., Mick, E., and Biederman, J. (2001). Meta-analysis of
the association between the 7-repeat allele of the dopamine D4 receptor gene
and attention deficit hyperactivity disorder. Am. J. Psychiatry 158, 1052–1057.
doi: 10.1176/appi.ajp.158.7.1052
Fuster, J. M. (2002). Frontal lobe and cognitive development. J. Neurocytol. 31,
373–385. doi: 10.1023/A:1024190429920
Galvan, A., Hare, T. A., Parra, C. E., Penn, J., Voss, H., Glover, G., et al. (2006).
Earlier development of the accumbens relative to orbitofrontal cortex might
underlie risk-taking behavior in adolescents. J. Neurosci. 26, 6885–6892. doi:
10.1523/JNEUROSCI.1062-06.2006
Geier, C. (2013). Adolescent cognitive control and reward processing: implications
for risk taking and substance use. Horm. Behav. 64, 333–342. doi: 10.1016/j.
yhbeh.2013.02.008
Goldstein, M. H., King, A. P., and West, M. J. (2003). Social interaction shapes
babbling: testing parallels between birdsong and speech. Proc. Natl. Acad. Sci.
U.S.A. 100, 8030–8035. doi: 10.1073/pnas.1332441100
Gong, Y., and Cai, T. (1993). Wechsler Intelligence Scale for Children, Chinese
Revision (C-WISC). China: Map Press Hunan.
Hagmann, P., Sporns, O., Madan, N., Cammoun, L., Pienaar, R., Wedeen, V. J.,
et al. (2010). White matter maturation reshapes structural connectivity in the
late developing human brain. Proc. Natl. Acad. Sci. U.S.A. 107, 19067–19072.
doi: 10.1073/pnas.1009073107
Hämmerer, D., Li, S., Müller, V., and Lindenberger, U. (2010). An
electrophysiological study of response conflict processing across the
lifespan: assessing the roles of conflict monitoring, cue utilization, response
anticipation, and response suppression. Neuropsychologia 48, 3305–3316.
doi: 10.1016/j.neuropsychologia.2010.07.014
Hounsell, D. (2003). “Student feedback, learning and development,” in Higher
Education and the Lifecourse, eds M. Slowey and D. Watson (New York, NY:
McGraw-Hill Education), 67–78.
Huizinga, M., Dolan, C., and van der Molen, M. (2006). Age-related change
in executive function: developmental trends and a latent variable analysis.
Neuropsychologia 44, 2017–2036. doi: 10.1016/j.neuropsychologia.2006.01.010
Kerr, A., and Zelazo, P. D. (2004). Development of “hot” executive function: the
children’s gambling task. Brain Cogn. 55, 148–157. doi: 10.1016/S0278-2626(03)
00275-6
Lewis, C., Huang, Z., and Rooksby, M. (2006). Chinese preschoolers’ false belief
understanding: is social knowledge underpinned by parental styles, social
interactions or executive function? Psychologia 49, 252–266.
Mills, K. L., Goddings, A.-L., Clasen, L. S., Giedd, J. N., and Blakemore, S.-J.
(2014). The developmental mismatch in structural brain maturation during
adolescence. Dev. Neurosci. 36, 147–160. doi: 10.1159/000362328
Münte, T. F., Heldmann, M., Hinrichs, H., Marco-Pallares, J., Krämer, U. M.,
Sturm, V., et al. (2008). Nucleus accumbens is involved in human action
monitoring: evidence from invasive electrophysiological recordings. Front.
Hum. Neurosci. 1:11.
Ordaz, S. J., Foran, W., Velanova, K., and Luna, B. (2013). Longitudinal growth
curves of brain function underlying inhibitory control through adolescence.
J. Neurosci. 33, 18109–18124. doi: 10.1523/JNEUROSCI.1741-13.2013
Palminteri, S., Kilford, E. J., Coricelli, G., and Blakemore, S.-J. (2016). The
Computational development of reinforcement learning during adolescence.
PLoS Comput. Biol. 12:e1004953. doi: 10.1371/journal.pcbi.1004953
Perera, J., Lee, N., Win, K., Perera, J., and Wijesuriya, L. (2008). Formative
feedback to students: the mismatch between faculty perceptions and student
expectations. Med. Teach. 30, 395–399. doi: 10.1080/01421590801949966
Peters, S., Koolschijn, P. C. M. P., Crone, E. A., van Duijvenvoorde, A. C. K., and
Raijmakers, M. E. J. (2014). Strategies influence neural activity for feedback
learning across child and adolescent development. Neuropsychologia 62, 365–
374. doi: 10.1016/j.neuropsychologia.2014.07.006
Prencipe, A., Kesek, A., Cohen, J., Lamm, C., Lewis, M. D., and Zelazo, P. D.
(2011). Development of hot and cool executive function during the transition to
adolescence. J. Exp. Child Psychol. 108, 621–637. doi: 10.1016/j.jecp.2010.09.008
Qu, L., Shan, G., Yip, C., and Zelazo, P. (2012). Affective decision-making among
preschool children in diverse cultural contexts. Child Stud. Asia Pacific Contexts
2, 123–132. doi: 10.5723/csdc.2012.2.2.123
Sabbagh, M. A., Xu, F., Carlson, S. M., Moses, L. J., and Lee, K. (2006). The
development of executive functioning and theory of mind a comparison of
Chinese and US preschoolers. Psychol. Sci. 17, 74–81. doi: 10.1111/j.1467-9280.
2005.01667.x
Somerville, L. H., Jones, R. M., and Casey, B. J. (2010). A time of change:
behavioral and neural correlates of adolescent sensitivity to appetitive and
aversive environmental cues. Brain Cogn. 72, 124–133. doi: 10.1016/j.bandc.
2009.07.003
Steinberg, L., Albert, D., Cauffman, E., Banich, M., Graham, S., and Woolard, J.
(2008). Age differences in sensation seeking and impulsivity as indexed by
behavior and self-report: evidence for a dual systems model. Dev. Psychol. 44,
1764–1778. doi: 10.1037/a0012955
van den Bos, W., Cohen, M. X., Kahnt, T., and Crone, E. A. (2012). Striatum–
medial prefrontal cortex connectivity predicts developmental changes in
reinforcement learning. Cereb. Cortex 22, 1247–1255. doi: 10.1093/cercor/
bhr198
van den Bos, W., Gürog˘lu, B., van den Bulk, B. G., Rombouts, S. A. R. B., and Crone,
E. A. (2009). Better than expected or as bad as you thought? The neurocognitive
development of probabilistic feedback processing. Front. Hum. Neurosci. 3:52.
doi: 10.3389/neuro.09.052.2009
van Duijvenvoorde, A. C., Jansen, B. R., Griffioen, E. S., van der Molen,
M. W., and Huizenga, H. M. (2013). Decomposing developmental differences
in probabilistic feedback learning: a combined performance and heart-rate
analysis. Biol. Psychol. 93, 175–183. doi: 10.1016/j.biopsycho.2013.01.006
van Duijvenvoorde, A. C. K., Zanolie, K., Rombouts, S. A. R. B., Raijmakers,
M. E. J., and Crone, E. A. (2008). Evaluating the negative or valuing the positive?
Neural mechanisms supporting feedback-based learning across development.
J. Neurosci. 28, 9495–9503.
Zanolie, K., Teng, S., Donohue, S., van Duijvenvoorde, A. C. K., Band, G. P. H.,
Rombouts, S. A. R. B., et al. (2008). Switching between colors and shapes
on the basis of positive and negative feedback: An fMRI and EEG study on
feedback-based learning. Cortex 44, 537–547. doi: 10.1016/j.cortex.2007.11.005
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Zhuang, Feng and Liao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Psychology | www.frontiersin.org 10 January 2017 | Volume 8 | Article 76
